A gene (FbL2A) that i s preferentially expressed in cotton (Gossypium barbadense 1. cv Sea Island) fiber was isolated and characterized. Cenomic and cDNA analyses suggest multiple FbL2A genes in cotton. The gene is developmentally regulated and is activated during late primary and early secondary wall synthesis stages. FbL2A encodes a polypeptide of 43.4 k D and a predicted isoelectric point of 5.97. The nucleotide-derived protein is highly hydrophilic except for a hydrophobic N terminus and has a compositional bias for glutamic acid (26.3 moi%) and lysine (18.9 moi%). Sixty-two percent of the putative protein is composed of repeat motifs. A 55-amino-acid peptide region is repeated four times i n a concatenate fashion within the protein. The function of the protein in the fiber cells is not known. A 2.3-kb DNA fragment 5' from the FbL2A gene is shown t o direct expression of heterologous proteins in transgenic cotton in a fiber-specific and developmentally regulated fashion. The FbLZA promoter was used to express in transgenic cotton genes encoding acetoacetyl-coenzyme A reductase and polyhydroxyalkanoic acid synthase, which are involved i n the synthesis of the thermoplastic polymer polyhydroxybutyric acid. Transgenic plants containing both enzymes produced polyhydroxybutyric acid in fiber. Thus, the FbLZA promoter i s useful in genetic engineering schemes to modify cotton fiber.
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* Corresponding author; e-mail mejohn@agracetus.com; fax 1-608-836-9710. lamellae covers the primary wall. The elongating fiber cells are highly vacuolated. Formation of the central vacuole begins at the base of the fiber and occupies most of the cell volume soon+ after fiber initiation (Basra and Malik, 1984; Kosmidou-Dimitropoulou, 1986 ). Cell elongation is driven by osmotic pressure generated by a high concentration of potassium malate in the central vacuole (Dhindsa et al., 1975) .
Secondary wall formation (16-40 DPA) overlaps with the late primary wall formation. The duration of the developmental phases varies depending on the cultivar and growth conditions (Beasley, 1979; Ryser, 1985) . Native cellulose is composed of linear chains of (1-4)-P-~-glucan held together by intra-and interchain hydrogen bonds to form microfibrils. The arrangement of microfibrils in the ultrastructure of the secondary walls is not well understood but, based on model systems in algae, it is thought to be biphasic. The microfibrils are likely to be embedded in a matrix made up of noncrystalline cellulose, other polysaccharides, and perhaps proteins (Preston, 1986; Sugiyama and Harada, 1986 ; reviewed by Zahn, 1988) .
The final developmental phase of cotton fiber is the maturation stage, when the cotton bolls open and dehydration occurs. This phase (40-50 DPA) is associated with 'changes in mineral content and enzyme levels and activities. The mature fibers dry and collapse, giving the appearance of twisted ribbons (reviewed by Basra and Malik, 1984) .
Gene expression during fiber development is being assessed to identify genes that are under tissue-specific and 'developmental regulation. These studies are important in understanding the roles of proteins in fiber development and cell-wall architecture (John, 1996) . In addition, such genes and their regulatory elements are important tools for fiber modification through genetic engineering . Earlier studies involving cDNA library screening have shown that the majority of the mRNA population in fiber cells is transcribed during early development. A gene that is expressed predominantly in elongating fibers ( E 6 ) was identified, and its promoter was shown to direct expression of a heterologous protein during the primary wall Plant Physiol. Vol. 1 1 2, 1996 formation of fiber development (John and Crow, 1992) . Here we describe the isolation and characterization of a gene expressed during active secondary wall formation. The FbL2A gene promoter directs expression of the heterologous proteins in a fiber-specific and developmentally regulated manner in transgenic cotton.
MATERIALS AND METHODS

cDNA and Genomic Libraries
Cotton plants (Gossypium kirsutum L. cv Coker 312; G. hirsutum L. cv DP50; and Gossypium barbadense L. cv Sea Island) were grown in the greenhouse. Flowers were tagged on the day of anthesis to determine the age of the fibers. Fibers and other tissues were frozen in liquid nitrogen and homogenized in a buffer (1:4, w / v ) containing 5 M guanidine isothiocyanate, 0.2 M Tris acetate (pH 8.5), 0.7% p-mercaptoethanol, 0.62% sodium lauroyl sarcosine, and freshly prepared 1% PVP. RNA and DNA blot analyses were performed as described previously (John and Crow, 1992) . cDNA libraries were prepared from the mRNAs of 10-, 15-, and 23-DPA fibers in the pBR 322 vector. The libraries were screened with single-stranded cDNAs generated from leaf, O-DPA ovule, fiber, and root mRNAs. Fiber-specific clones were selected based on preferential hybridization of fiber cDNAs (John and Crow, 1992) . The cDNA inserts were subcloned into a phagemid vector (Bluescript 11 SK+, Stratagene) for further manipulations. A genomic library of G. barbadense L. cv Sea Island was prepared by Clontech (Palo Alto, CA) in the phage vector EMBL 3. Propagation and screening of the genomic library was as described by Ausubel et al. (1987) . Sequence analysis of genomic fragments was performed by Lofstrand Laboratories (Gaithersburg, MD). Computer analysis of sequence data was done with a software package from Genetics Computer Group (Madison, WI).
Quantitative estimation of the marker gene GUS was performed by fluorometric assay as follows. Plant tissue was homogenized in 50 miv Na,PO,, pH 7.0,lO mM EDTA, 0.1% Triton X-100, 0.1% sodium lauroyl sarcosine, and 10 mM P-mercaptoethanol. The extract was incubated at 37°C with MUG (1 mg/mL) and the reaction was stopped at various times with 1 mL of stop buffer (0.2 M Na,CO,). The fluorometer was calibrated with freshly prepared 4-methylumbelliferone standards (Jefferson et al., 1987) . Any quenching due to plant materials was accounted for by using control plant extracts during 4-methylumbelliferone standardization.
Acetoacetyl-COA reductase and PHA synthase, enzymes involved in the biosynthesis of polyhydroxyalkonates in bacteria, were cloned by PCR amplification (Mullis et al., 1986) . The primers for a reductase gene containing BamHI sites (ATTAAGGATCCATGACTCAGCGCATTGCG and GGATTAGGATCCGCAGGTCAGCCCATATGC) for PCR were based on the sequence of the gene from Alcaligenes eutrophus (Peoples and Sinskey, 1989a) . The PCR product (741 bp) was cloned into the BamHI site of the vector. The PHA synthase gene (1770 bp) was amplified as two fragments and joined (Peoples and Sinskey, 1989b) . A 580-bp fragment was amplified using two primers (AACAT-GAATTCATGGCGACCGGCAAAGG and AATTAG-GATCCGCGAGATCTTGCCGCGTG) and, after digestion with EcoRI and BamHI, was cloned into an SK+ vector. This fragment contained an interna1 BgZII site. The second fragment (1200 bp) was amplified using primers (CACGCGGCAAGATCTCGC and TGTAAGGATCCT-CATGCCTTGGCTTTGACG) and was digested with BgZII and BamHI. The SK+ vector containing the 580-bp fragment was then digested with BglII and BamHI, and the 1200-bp fragment was ligated to BglII / BamHI sites to generate the PHA synthase gene. Both the reductase and PHA synthase genes were sequenced to confirm their nucleotide sequences Sinskey, 1989a, 1989b) .
Plasmid Constructs
The following plasmids were constructed to test promoter activities of the FbL2A gene in transient transformations: A positive control, p35S-GUS, was made by linking a cauliflower mosaic virus 35s promoter to a GUS gene at NcoIlXhoI sites of a promoterless GUS gene, p2117. The plasmid 2117 also contained a Nos poly(A) addition signal (310 bp) as an EcoRI fragment. The p2117 was used as a negative control. The 4.0-kb ("I/ NcoI) putative promoter fragment of the FbL2A gene contained a unique PstI site (2.3 kb) and an HindIII site (1.2 kb). Chimeric GUS genes containing the 4.0-kb NcoI fragment (pFbL2-4GUS), the 2.3-kb PstI fragment (pFbL2-2.3GUS), and the 1.2-kb HindIII fragment (pFbL2-1.2GUS) were made to test promoter activity. The following plasmids were used for stable transformation: The acetoacetyl-COA reductase gene was linked to a cotton promoter, E6-3B (John and Crow, 1992) , Nos poly(A) addition signal, and a 35s-GUS gene to generate pE6-Red. The E6 promoter in pE6-Red was then replaced by the FbL2A promoter (2.3 kb) to generate pFbRed. The PHA synthase gene was linked to FbL2A (2.3 kb) or to 35s promoters to generate pFb-Syn or 35S-Syn, respectively .
Transgenic Cotton
Particle bombardment methodology was used to introduce genes into commercial cotton, var DP50. For this cotton seed axes were bombarded with gold particles (1.0 pm; Degussa, South Plainfield, NJ) containing plasmid DNAs, which were precipitated onto gold beads as described by McCabe and Martinell (1993) . Meristems of the seed axes were exposed by dissection for bombardment. A particle delivery device (Accell, Agracetus, Middleton, WI) was used to accelerate DNA into meristems, as described by Christou et al. (1990) . The loading rate was 0.05 mg gold-DNA complex cm-' carrier sheet. The carrier sheets containing the gold-DNA complex were accelerated toward the target tissues by the discharge of an 18-to 20-kV arc.
Transformation of the seed axes was monitored by histochemical detection of GUS activity. Leaves of the explants were tested for GUS expression 2 to 3 weeks postbombardment. GUS-positive nodes or auxiliary buds were identified and GUS-negative ones were pruned. This process was repeated until a uniformly transformed plant was obtained (McCabe and Martinell, 1993) . Particle-mediated cotton transformation results in two types of transformants, epidermal and germline (McCabe and Martinell, 1993) . Stable integration and expression of the transgene occurs in both types. When only the epidermal cell layer of a plant is transformed, it is designated as an epidermal transformant. The progeny of the epidermal transformant will not inherit the transgene and hence they are vegetatively propagated. Fibers are of epidermal origin and, therefore, epidermal transformants are suitable for assessing transgene expression in fibers. Germline transformants, on the other hand, pass the transgene on to their progeny and are suitable for commercial cultivation. The procedure for particle bombardment described here results in an epidermal transformation frequency of approximately 0.2% and a germline frequency of 0.07% of bombarded seed axes .
Acetoacetyl-CoA reductase activity in transgenic plant tissues was assayed by the method of Saito et al. (1977) . Fiber proteins were extracted from frozen tissue with a buffer containing 20 HIM Tris, pH 8.0, 5 mM EDTA, 5 mM /3-mercaptoethanol, 5% glycerol, and 0.01% PVP (1:4, w/v). The reaction mixture for reductase activity determination contained 100 mM Tris-HCl, pH 8.0, 0.12 mM NADPH, and fiber extract. The mixture was preincubated at room temperature for 3 min and monitored at 340 nm. AcetoacetylCoA was added (0.02 mM) and the decrease in NADPH was measured at 340 nm for 5 min. The millimolar extinction coefficient for NADPH is 6.22. One unit of acetoacetylCoA reductase catalyzes the oxidation of 1.0 /nmol of NADPH in 1 min. Protein concentrations were determined by the method of Bradford (1976) .
For western analysis proteins were separated on SDS-PAGE (10%) and transferred to nitrocellulose by electroblotting. An alkaline phosphatase-linked immunodetection system (ProtoBlott II AP, Promega) was used to localize the antibody reaction. PHA synthase (A. eutrophus) antibody was a gift of Metabolix (Cambridge, MA).
PHB in transgenic cotton fibers was detected by HPLC as described by Karr et al. (1983) . Quantification was done by Beckman System Gold computer software. Standard HPLC retention time for crotonic acid was obtained by subjecting crotonic acid (Sigma) to HPLC analysis.
RESULTS
The 23-DPA fiber cDNA library of cotton cv Coker 312 (G. hirsutum) was screened with single-stranded cDNAs generated from 10-and 24-DPA fiber mRNAs. The first screen resulted in the identification of 132 clones that preferentially hybridized to the 24-DPA cDNA probe. These clones were hybridized to cDNA probes of leaf, root, and flower mRNAs. Seven clones that showed preferential hybridization to fiber cDNAs were selected. Two of these clones, FbLate-1 and FbLate-2, were further characterized by northern analysis. Both cDNAs hybridized to 1.3-kb fiber RNAs (Fig. 1) . No hybridization was detected in 0-DPA ovule, leaf, root, or pollen RNAs. The inserts of Tissue-specific and developmental expression of FbLate 2 mRNA. Total RNA from fiber, leaf, pollen, and root was size-fractionated on formaldehyde/agarose gel, electrophoresed, and blotted to nitrocellulose. The blot was hybridized to the i2 P-labeled insert of FbLate 2 (1 x 10 s cpnY/ng; 5 x 10 5 cpm/mL) for 12 h at 65°C. The filter was washed with 2x, 1 X, and 0.5X SSC for 20 min each at 53°C. The final wash was with 0.1 x SSC at 53°C after which the filter was subjected to autoradiography at -70°Cfor 12 h (1 x SSC = 0.15 M NaCI, 0.015 M sodium citrate, pH 7.0, 1 mM EDTA, and 0.2% SDS). The molecular mass (MW) was estimated from a DNA marker (pCEM, Promega). Hybridization of a duplicate blot with the insert of FbLate-1 clone gave similar results (not shown).
FbLate-1 (974 bp) and FbLate-2 (645 bp) were sequenced and compared with the Bestfit program (Genetics Computer Group). The sequences showed 90% identity, suggesting that these two mRNAs are members of the same family. Since both are partial cDNAs, the missing 5' end portions of the mRNAs were cloned by PCR amplification (Mullis et al., 1986; Frohman, 1990 ). The PCR amplification, which used primers based on the FbLate-1 cDNA sequence, resulted in a 420-bp insert (FbLate-1 PCR), and that of FbLate-2 resulted in a 519-bp insert (FbLate-2 PCR). As expected, sequences of the 3' ends of clones FbLate-1 PCR and FbLate-2 PCR overlapped with the 5' ends of FbLate-1 and FbLate-2, respectively. The cDNA clone FbLate-2 was then used to screen a genomic library of cotton (G. barbadense cv Sea Island) to isolate a hybridizing phage, EMBL-SI82A. The insert of EMBL-SI82A (12.7 kb) was subcloned into Bluescript II SK+ to generate pFbL2A and characterized by restriction and Southern blot analyses. This process resulted in the identification of a 1.4-kb Seal fragment that hybridized strongly to FbLate-2 cDNA. In addition, there were two other DNA fragments, a 4-kb Ncol and a 1.7-kb Seal, that showed weak hybridization to FbLate-2 cDNA. The nucleotide sequence of a 1.7-kb region of pFbL2A, which included the 1.4-kb Seal region and portions of the 4-kb Ncol and 1.7-kb Seal, was determined and is shown in Figure 2A . Comparison of the nucleotide sequences of the Coker 312 cDNA clones (FbLate-1 and FbLate-2) with those of the Sea Island gene sequence showed that they are homologous to each other. The sequence identity between FbLate-1 cDNA and the Sea Island gene was 92.4%, whereas that of FbLate-2 and the Sea Island gene were 98.9%. The nucleotide sequences of both FbLate-1 PCR and FbLate-2 PCR were also homologous to the gene sequence (91.65% similar). A comparison of the FbL2A sequence with those available in the GenBank showed that the gene has no significant sequence identity with any other sequences as of April 1996.
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The FbL2A gene sequence had a long open reading frame spanning 1061 bases. An ATG initiation codon was present at position 316 ( Fig. 2A) . This open reading frame can be translated into a 354-amino-acid-long polypeptide with a calculated molecular mass of 43.4 kD'and a pI of 5.97. Predominant amino acid residues of the polypeptide are Glu (26.3 mol%) and Lys (18.9 mol%). One of the interesting structural features of the polypeptide is the presence of a 55-amino-acid repeat. Four blocks of the concatenate repeats occupy the central portion, leaving only 93 residues at the N-terminal and 38 residues at the C-terminal regions (Fig. 2) . Assessment of the hydropathy showed the polypeptide to be highly hydrophilic, except for a hydrophobic region near the N terminus (Fig. 3) . The N terminus has a hydrophobic core region beginning with the ninth residue, Phe, and extending for 13 residues. The core region is Leu rich (33% Leu). Some characteristics of the FbL2A polypeptide N terminus are similar to eukaryotic signal sequences described for export across the ER (Perlman and Halvorson, 1983; Von Heijne, 1983) . However, it is not known whether the FbL2A peptide segment functions in a similar fashion in cotton. A computer search for glycosylation sites (Asn-X-Thr or Ser, where X = any amino acid other than Asp) found no probable sites. Similarly, a search for known protein sequence motifs related to posttranslational modifications that occur frequently in proteins showed no matches to the FbL2A polypeptide sequence. However, there were three specific patterns each for casein kinase I1 phosphorylation and tyrosin kinase phosphorylation. Also, one site each was found for glycosaminoglycan attachment and protein kinase C phosphorylation. However, the presence of these sites cannot be taken as definite proof for corresponding functions. The nucleotide-derived amino acid sequence of FbL2A was compared with available protein sequences (April 1996) in the databases of the National Center for Biotechnology Information (Bethesda, MD), and no proteins were found to have significant homology to the FbL2A sequence.
DP50 genomic DNA was hybridized with FbL2A to determine the distribution of FbL2A genes. Southern blot analysis of genomic DNA digested to completion showed multiple DNA fragments hybridizing to the FbL2/4-coding region (Fig. 4A) , which is in agreement with the cDNA and PCR amplifications of mRNA that suggests multiple genes.
Identification of the FbL2A Gene Promoter
Based on cDNA and genomic sequences, the 4-kb Ncol fragment upstream of the coding region is likely to contain the promoter and 5' regulatory sequences of the FbL2A gene. Sequence analysis of the 310 bp upstream of the first 
BamHI (6709) BamHI (4857 Figure 4 . A, Southern blot analysis of FbL2A gene. Twenty micrograms of DP50 genomic DNA was digested with restriction enzymes and size-fractionated by electrophoresis on a 0.8% agarose gel. DNA was transferred onto NitroPlus (Micron Separations, Westboro, MA) and probed with the i2 P-labeled coding region (1 x 10 9 cpm/jtg; 1 X 10 6 cpm/ml_) of the FbL2A gene. The blot was washed under stringent conditions (0.1 x SSC, 65°C). Autoradiography was done at -70°C for 36 h. Molecular weights were estimated based on standards (BRL, 1-kb markers). Based on the nucleotide sequence, Ncol/H/ndlll digestion of the genomic DNA would result in the excision of the coding region of the FbL2A gene. Ncol/H/ndlll-digested pFbl_2A was used as the copy standard (1 and 5 copies/genome). B, Restriction maps of the FbL2A gene, the 4.0-kb Ncol, 2.3-kb Psfl/Ncol, and 1.2-kb Nco/H/ndlll promoter fragments that were used in the promoter assays by transient GUS expression (Fig. 5) . Cotton seed axes were prepared for bombardment as described previously (McCabe and Martinell, 1993) . A DNA load rate of 1 /ng/mg beads was used. The microparticles were accelerated by an electric discharge of 12 kV. Twenty-four hours after bombardment the GUS activity was measured by fluorometric assay using MUG as a substrate (Jefferson et al., 1987) . The bar graph is drawn from an average of four measurements. For comparison, transient activities of two E6 promoters linked to GUS are also shown. The E6 promoters E6-3B and E6-2A are 2.7 and 2.4 kb, respectively (John and Crow, 1992; John, 1996) . The transient activities of both E6 promoters are weaker than that of FbL2A promoter.
initiation codon showed that there are two putative TATA boxes (nucleotide residues 55 and 236 in Fig. 2A ). An assay based on the transient expression of the GUS gene after particle bombardment was used to initially detect promoter activity of the putative FbL2A promoter. A chimeric GUS gene with the 4.0-kb Ncol fragment (pFbL2-4.0 GUS) and two deletion series, the 2.3-kb Psfl (pFbL2-2.3 GUS) and the 1.2-kb Hmdlll (pFbL2-1.2 GUS) fragments of the putative promoter, were made (Figs. 4B and 5A). Cotton seed axes were bombarded with these chimeric GUS constructs, along with a 35S-GUS, a promoterless GUS gene (p2117), and the FbL2A gene (pFbL2A , 1985; Ow et al., 1987; McCabe and Martinell, 1993) . After bombardment the seed axes were allowed to recover for 24 h and were then tested for GUS activity by MUG assays. Seed axes bombarded with p2117 and pFbL2A showed no GUS activity, whereas seed axes receiving pFbL2-4 GUS, pFbL2-2.3 GUS, pFbL2-1.2 GUS, and 35S-GUS expressed GUS (Fig. 5B) . The 35S is a strong promoter, whereas the 4.0-and 2.3-kb FbL2A promoters were approximately 3-fold less active. The 1.2-kb Hindlll fragment showed a 3.5-fold reduction in activity compared with the . Southern blot analysis of transgenic cotton. Ten micrograms of genomic DNA from control (DP50) and from transgenic plants no. 10605 and no. 11689 was digested with restriction enzymes and analyzed by Southern blots along with undigested (Un), high-molecular-weight DNA. The blot was probed with an 867-bp coding region of the acetoacetyl-CoA reductase gene. Hybridization and washing conditions were similar to those described for Figure  4A . Molecular weights are based on standards (1-kb markers, BRL).
2.3-kb fragment. For comparison we also bombarded two chimeric GUS genes (pE6-3B-GUS and pE6-2A-GUS)
containing cotton fiber promoters, E6-3B and E6-2A (John and Crow, 1992; John, 1996) . The E6 promoters were 3-and 8-fold less active, respectively, than the FbL2-2.3 promoter in transient assays (Fig. 5B ). Histochemical staining of the bombarded seed axes for GUS activity was also in agreement with the above results (not shown). The promoter assay using transient GUS expression in seed axes detects promoter activity but is not indicative of tissue specificity or developmental regulation. The assessment of these properties requires the generation of stable transgenics. Generally, putative plant promoters are linked to the reporter gene GUS to study their expression in transgenic plants. However, our transformation protocol depends on constitutive expression of GUS for the identification and purification of transgenic cotton (McCabe and Martinell, 1993) . Therefore, GUS is not suitable for testing the expression patterns of putative fiber-specific promoters in transgenic cotton (John and Crow, 1992) . Moreover, we are interested in using the FbL2A promoter to express bacterial enzymes responsible for the synthesis of a thermoplastic aliphatic polyester compound PHB (Steinbuchel, 1991; Steinbuchel et al., 1992) . Two bacterial enzymes, acetoacetyl-CoA reductase and PHA synthase, when produced in plant cells, synthesize PHB (Poirier et al., 1992) .
Cotton seed axes were bombarded with two sets of plasmids, one consisting of pFb-Red and 35S-Syn genes and the other consisting of pFb-Red and pFb-Syn genes. Plasmid pFb-Red carried a 35S-GUS gene in addition to the reductase gene as a screenable marker for the transformation process. A total of 36 transgenic plants were identified based on GUS expression (Table I ). The overall transformation frequency was 0.08%, which was 3-fold less than in previous experiments . Twenty-five (69%) of the transgenics were epidermal and the remaining were germline transformants. The distribution of epidermal and www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. germline transformants among the transgenics was similar to that reported previously . Two of the transgenic plants, no. 10605 and no. 11689, were tested for the integration of the reductase gene by Southern blot analysis. Restriction enzyme-digested and -undigested genomic DNAs of the two transgenic plants, along with control DP50, were analyzed for the presence of the reductase gene (Fig. 6) . Undigested, high-molecularweight DNAs of both transgenic plants showed hybridization to the reductase gene, suggesting integration into cotton genomic DNA. The pattern of integration in no. 10605 and no. 11689 was different. Plant no. 10605 had a single insertion, whereas no. 11689 had three hybridizing bands, suggesting that multiple genes inserted at one or more locations. A second progeny of no. 11689 (no. 7) was also analyzed by Southern blot and gave patterns identical with no. 11689 (not shown).
The tissue-specific expression of the acetoacetyl-COA reductase gene was examined by enzymatic assays of leaf, stem, flower, O-DPA ovules, and fibers of 29 plants. Representative examples are shown in Table 11 . Reductase activity was not detected in leaf, stem, flower, or O-DPA ovules, or in any tissues, including fibers of control DP50 cotton (not shown). Ten epidermal and 4 germline transformants expressed reductase in their fibers (Tables I and   11 ). Thus, the FbL2A promoter directs transgene expression in a fiber-specific manner. The level of enzyme activity in transformants was in the range of 0.008 to 3.0 pmol min-' mg-' (a 375-fold difference). The absence of acetoacetyl-COA reductase activity in control fibers or other tissues, as well as the sensitivity of the reductase assay (low level of 0.008 pmoI min-l mg-') in transgenic tissues, suggests that the reductase gene can be used as a reliable reporter gene in transgenic cotton. Based on the enzyme assay, about 45% of the transformants expressed the reductase gene (Table I ).
The accumulation of reductase enzyme during fiber development was measured in four epidermal and two germline transformants (Table 11) . During the early development of the fibers (up to 15 DPA), the FbL2A promoter showed little activity, as seen by the low levels of the reductase enzyme. The earliest we could detect enzyme activity in fibers was in 5-DPA fibers. The enzymatic activity increased until 35-DPA and then decreased (Table 11 ; Fig.  7A ). Maximum enzyme levels were seen in 25-to 35-DPA fibers. To compare the pattern of expression of the FbL2A promoter with another cotton promoter, E6, we generated a second set of transgenic cotton plants containing an acetoacetyl-COA reductase gene linked to the E6 promoter. Earlier studies showed that transgenes linked to the E6 promoter are expressed predominantly in fibers (John and Crow, 1992; . Thirty-three plants expressing acetoacetyl-COA reductase in fibers were identified. The enzymatic activities ranged from a low of 0.006 to a high of 0.52 pmol min-' mgil (not shown). Acetoacetyl-COA reductase expression during fiber development in one of the plants, no. C5702, was followed and is shown in Figure 7B . The E6 promoter directs the expression of the reductase gene during early primary wall synthesis and maximal activity is seen at 10 to 15 DPA (Fig. 7B) . This is in contrast to the FbL2A promoter, which shows very little activity during the 10-to 15-DPA period. Based on the levels of reductase in transformants containing E6 or FbL2A promoters, the FbL2A promoter appears to be stronger than E6.
Expression of the second gene, PHA synthase linked to FbL2A or to 35s promoters, was detected by western blot analysis. An antibody against purified PHA synthase was reacted with proteins of transgenic and control DP50 fibers. Of the 14 plants that expressed the acetoacetyl-COA reductase gene, six epidermal and two germline plants were positive for PHA synthase. A typical western blot is shown in Figure 8 . (35S-PHA synthase gene) and no. 12138 (FbL2A-PHA synthase gene) showed a positive reaction with the PHA synthase antibody, whereas fiber proteins of DP50 did not. The PHA synthase protein was present in no. 11882 throughout fiber development, whereas in no. 12138 it appeared only in 20-DPA and older fibers (Fig. 8) . Eight transgenic cotton plants expressing both the acetoacetyl-CoA reductase and PHA synthase genes were tested for the presence of PHB in fibers. Chloroform extracts of control and transgenic fibers were subjected to HPLC after acid hydrolysis (Karr et al., 1983) . In this assay, PHB is converted to crotonic acid, which is detected by HPLC. As shown in Figure 9 , the extracts of control DP50 fibers did not contain crotonic acid, whereas fiber extracts from no. 8801 contained a fraction corresponding to crotonic acid. The amount of PHB varied between 30 and 166 /*g g" 1 20-DPA fiber in different plants. GC and MS analysis confirmed that the new compound in fiber was PHB and was similar to bacterial PHB (M.E. John and G. Keller, unpublished results) . These results show that FbL2A is a promoter useful for expressing heterologous enzymes in a fiber-specific manner in transgenic cotton.
DISCUSSION
The transcriptional regulation of FbL2A appears to be under developmental and tissue-specific control. The FbL2A gene is activated during a critical period in fiber development, when massive quantities of cellulose are synthesized and deposited in the secondary walls of the fiber. However, the exact role of FbL2A in the secondary wall formation or fiber development remains to be elucidated. It is unlikely that FbL2A functions in primary wall formation, since the gene is most active near the end of that developmental phase.
The structural significance of the Glu-and Lys-rich 55-amino-acid repeat motif is also not understood at this time. Showalter, 1993) , cold-acclimation-related proteins, lateembryogenesis-abundant proteins (or dehydrins), and water-stress-related proteins (Galau et al., 1986; Baker et al., 1988; Houde et al., 1992; Neven et al., 1993) . The coldacclimation-related and late-embryogenesis-abundant proteins are known to be stable upon boiling and are highly hydrophilic (Neven et al., 1993) . There have been suggestions that highly hydrophilic proteins such as the dehydrins may prevent local dehydration by trapping water (Arora and Wisniewski, 1994) . Many of them share 5-or 9-amino-acid repeat motifs and are immunologically related. It is likely that the FbL2A protein is present in fibers during the onset of fiber dehydration. The FbL2A protein is also hydrophilic and contains repeat motifs, but it is not known whether FbL2A functions in a manner similar to dehydrins or cold-acclimation-related proteins in cotton fiber to protect essential cellular functions. Alternatively, the FbL2A protein may have structural roles in the secondary walls of fiber. Recently, we identified an mRNA for a Pro-rich protein, H6, from cotton fiber (John and Keller, 1995) . The H6 protein contains a pentameric motif that is repeated 17 times and accumulates during late primary and early secondary wall formation. It possesses hydrophobic N and C termini. Similar to the FbL2A protein, H6 is also predominantly expressed in fiber. Although the function of H6 protein is not known, other Pro-rich plant proteins such as extensins are postulated to have structural roles in the architecture of cell walls (Showalter and Varner, 1989; Showalter, 1993) . Transient expression of GUS or other marker genes has been used in assessing activity and tissue specificity of plant promoters (Bruce et al., 1989; Bansal et al., 1992) . We developed a similar assay system based on particle bombardment and GUS expression in cotton seed axes. A putative promoter linked to GUS is introduced into the seed axes through particle bombardment, and GUS activity is detected by histochemical or MUG assays. We chose seed axes because of their capacity for high expression and ease of handling compared with other tissues such as pollen and fiber (M.E. John, unpublished results). For example, bombardment of a GUS plasmid into immature fibers resulted in poor GUS expression and was not reproducible. This result does not appear to be related to the expression of the GUS gene in immature fiber cells but is likely due to the procedure itself.
Bombardment does cause damage to the fiber cells. Strong GUS expression is seen in the developing fibers of stable transformants, an observation that has been confirmed in more than 100 transformants containing the 35S-GUS gene (J.A. Rinehart, M.W. Petersen, and M.E. John, unpublished results). The main drawback of the transient expression of GUS for promoter identification is that the tissue specificity or developmental regulation of the promoter in question cannot be assessed in the seed axes. The technique, however, is useful for quick determination of promoter activity of uncharacterized cotton DNA fragments. Particle bombardment introduces between 5,000 and 10,000 copies of a given gene into a cell (3 X 106 beads/mg: 1 pg DNA [5 kb]/mg bead/l-3 pm). We assume that the additive effect of basal transcription of the promoters, regardless of whether they are tissuespecific or not, results in detectable GUS expression. Thus, the, transient assay is a convenient method for detecting promoter activity of a putative DNA fragment within a few www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 112, 1996 days, whereas generation of stable transgenic plants requires 6 to 12 months (McCabe and Martinell, 1993; . When the chimeric gene is introduced into cotton and a stable transgenic plant is generated, only a few copies of the gene are inserted into the genome, as seen in no. 10605 and no. 11689 plants. This result also agrees with extensive genomic DNA analysis of transgenic rice generated by particle bombardment (Cooley et al., 1995) . The regulation of the transgenes is likely to occur according to the interaction of tissue and developmental factors. Based on the transient assay, both the 2.3-and 1.2-kb fragments are able to direct expression of the GUS gene. Therefore, the 1.2-kb fragment is likely to contain all of the sequences necessary for transcriptional activation.
Even though the efficiency of particle-bombardmentmediated transformation of cotton is low, a sufficient number of transformants were generated to assess tissuespecific and developmental regulation of the FbL2A promoter. Particle bombardment is the only known method of transformation that can introduce genes into major commercial cotton cultivars such as DP50. Only about 50% of the transformants expressed the transgene at a level high enough to detect. This is due to a combination of factors, such as sensitivity of the assay system and the bias in selecting the transgenic cotton. The transgenic plants are selected for marker gene (GUS) expression and not for passenger gene (e.g. acetoacetyl-COA reductase) expression. Thus, it follows that each of the transgenic plants would contain an intact, functional GUS gene, but not necessarily an intact passenger gene, because the break necessary for plasmid integration into cotton genomic DNA may have to occur either in the vector backbone or in the passenger gene. As a result, some of the transgenic plants would contain fragmented, nonfunctional passenger genes. This is unlike Agrobacterium-mediated transformation in cotton, in which border repeats define the DNA region for integration and, therefore, has a better chance of finding uninterrupted passenger genes (for review, see Kado, 1990) . Other factors such as position effect may also influence passenger gene expression. In this context, the number of plants (45%) expressing the transgene linked to the FbL2A promoter identified in this study is within the range (3648%) reported in previous experiments in cotton .
The FbL2A promoter is shown to be fiber-specific and is active during the secondary cell wall formation stage, whereas the E6 promoter is more active during the primary than the secondary wall formation. In transgenic cotton containing the E6 promoter linked to the acetoacetyl-COA reductase gene, the maximum enzyme level was at 10 DPA and decreased gradually through 40-DPA fibers. This pattern is similar to that of developing fibers, in which the maximum E6 protein level was found in 5-to 15-DPA fibers (John and Crow, 1992) . Other transgenic genes linked to the E6 promoter showed similar expression patterns. For example, transgenic cotton carrying a carrot extensin gene linked to the E6 promoter showed a maximum level of expression in 10-to 20-DPA fibers and decreased thereafter (M.E. John, unpublished results). However, in the case of extensin, the extraction of the protein from older fibers may present problems due to insolubility (for review, see Showalter and Varner, 1989) . Nevertheless, it appears that the newly introduced 2.7-kb E6 promoter behaves in a manner similar to the endogenous E6 promoter. A similar conclusion can be reached for the 2.3-kb FbL2A promoter based on the expression patterns of FbL2A mRNA, acetoacetyl-COA reductase, and PHA synthase proteins. Thus, the 2.7-kb E6 and 2.3-kb FbL2A promoters can be used to mimic the expression patterns of the E6 and FbL2A proteins, respectively. Based on these observations we conclude that the isolated E6 and FbL2A promoter fragments contain all of the necessary regulatory elements for tissue and developmental regulation.
Severa1 factors influence transgene expression in fibers. The characteristics of the promoter linked to the transgene determine the tissue and developmental specificity as well as the level of expression. The limited number of transgenic plants generated shows that FbL2A is a stronger promoter than the E6 promoter. This result is also in agreement with GUS expression in the transient promoter assay. However, analysis of larger numbers of transgenic plants is required to discount the contribution of factors such as position effect on transgene expression. Another factor that may influence the steady-state levels of transgenic proteins in fibers include the general or specific protein turnovers peculiar to fiber cells. For example, Meinert and Delmer (1977) found a significant reduction in cell-wall-associated proteins during the late primary wall stage (16 DPA). Greater protein turnover is also expected during fiber maturation. Careful measurements of steady-state levels of mRNA and the corresponding protein may provide clues to the transcription, posttranscription, translation, and posttranslation control of transgene expression.
With the isolation and characterization of the cotton promoters E6 and FbLZA, we now have the ability to express heterologous proteins during primary as well as secondary wall synthesis stages. This is demonstrated by the expression of acetoacetyl-COA reductase and PHA synthase in transgenic fibers. Thus, these promoters are useful tools for modifying fiber properties through genetic engineering. They may also be useful in assessing regulation of gene expression in fibers.
